Selective laser melting (SLM) technology is useful for the fabrication of porous titanium implants with complex shapes and structures. The materials fabricated by SLM characteristically have a very rough surface (average surface roughness, Ra=24.58 µm). In this study, we evaluated morphologically and biochemically the specific effects of this very rough surface and the additional effects of a bioactive treatment on osteoblast proliferation and differentiation. Flat-rolled titanium materials (Ra=1.02 µm) were used as the controls. On the treated materials fabricated by SLM, we observed enhanced osteoblast differentiation compared with the flat-rolled materials and the untreated materials fabricated by SLM. No significant differences were observed between the flat-rolled materials and the untreated materials fabricated by SLM in their effects on osteoblast differentiation. We concluded that the very rough surface fabricated by SLM had to undergo a bioactive treatment to obtain a positive effect on osteoblast differentiation.
INTRODUCTION
Porous titanium and its alloys are widely used in the field of orthopedic and dental surgery. Implants with porous structures on their surfaces provide high friction resistance between the host bones and have high primary stability. After implantation, the bone tissues expand into the pores, and biological fixation is achieved. A commonly used method to fabricate an implant with a porous structure on its surface is to apply a porous coating to the surface of the main body of the implant after initial manufacture. However, there are some concerns about these porous-coated implants; for example, cracking, detachment, and electrical incompatibility between the implant and the coated layer 1) . Ideally, the porous surface and the main body of the implant should be fabricated integrally as one piece. For this purpose, additive manufacturing methods with metal powders have been recently introduced to the field of orthopedics, and hip implants fabricated by electron beam melting are already in clinical use 2) . Selective laser melting (SLM) technology [3] [4] [5] is one of the additive manufacturing methods available for the formation of metal implants. In the SLM process, the small metal powder particles are melted and fused in layers by a laser. Three-dimensional (3-D) structures can be controlled using computer-aided design (CAD). This technology enables us not only to fabricate simultaneously the porous structure and the main body of the implant but also to fabricate implants with complex structures and personalized implants fitted to the defect of each patient. The clinical applications of SLM technology for reconstructive surgery have been reported for patients with facial bone defects 6, 7) . Although porous titanium and its alloys have a high biocompatibility and can achieve good mechanical stability when bone has grown into the pores, they do not bond directly to living bone 8) . Various surface treatments have been developed to promote direct bonding of these materials to living bone. Examples include hydroxyapatite coating 9) and peptide immobilization 10) . Of these, bioactive treatments refer to surface treatments that promote direct bone-implant bonding by simple chemical and thermal procedures [11] [12] [13] . Orthopedic implants treated with a bioactive treatment are already available 14) . In a bioactive treatment, the material is first subjected to an alkaline or acidic treatment and then heated in a furnace. Such treatments are convenient because special equipment is not required. The additional advantages of bioactive treatments for materials fabricated by SLM are that these treatments can uniformly treat the walls of pores formed deep in the material and can induce bone into the inner pores of the material 15) . Hence, we assume that the bioactive treatments are the most suitable surface treatments for porous materials in complex shapes fabricated by SLM technology.
Because the materials are fabricated from metal powders, SLM materials characteristically have very rough surfaces with Ra values around 25 µm. In general, "rough" surfaces are known to have beneficial effects on bone integration [16] [17] [18] [19] [20] [21] 15) . However, no in vitro study has evaluated the highly roughened surfaces of SLM materials combined with a bioactive treatment. Therefore, the aim of this study was to evaluate the effects of very rough surfaces of SLM materials with or without a bioactive treatment on osteoblast differentiation in vitro. Theoretically, it was expected that the additional application of a bioactive treatment to the very rough surfaces of SLM materials would further promote osteoblast differentiation.
In this study, primary osteoblasts harvested from neonatal mouse calvaria were cultured on three different materials: commercially available flat-rolled pure titanium (CpTi), pure titanium plates produced by SLM (SLM), and SLM materials with dilute HCl-treated alkali and heat treatment (SLM-T). Cell morphology, cell proliferation, and osteogenic differentiation of the cultured osteoblasts were evaluated by electron microscopy, immunofluorescent staining, cellproliferation assay (XTT assay), and gene expression analysis by reverse transcriptase-polymerase chain reaction (RT-PCR).
MATERIALS AND METHODS

Preparation of materials
The flat-rolled materials were cut from commercially pure (99.5%) titanium (CpTi) plates (Nilaco, Tokyo, Japan) to a size of 14×14×1 mm and were polished with grade 400 diamond plates.
The SLM materials were fabricated as described previously 22) . Briefly, a dense cuboid sample of size 14×14×1 mm was designed using a CAD program (Magics ® , Materialise, Leuven, Belgium), and the model was sliced horizontally into many thin layers of twodimensional images. According to the data, implants were fabricated by an EOSINT M270 SLM machine (Electro Optical Systems, Krailing, Germany) using commercially pure titanium metal powder (>99.5% pure) with particle diameters of less than 45 µm (Osaka Titanium Technologies, Amagasaki, Hyogo, Japan). The process parameters for the SLM method were as follows: laser power, 117 W; scanning speed, 225 mm/s; hatch spacing, 180 µm; hatch offset, 20 µm. In this system, the laser beam had a diameter of less than 100 µm. After the SLM process, the samples were heat treated at 1,300°C for 1 h and allowed to cool naturally to room temperature. The upper side of the material was used for the evaluations.
Dilute HCl-treated alkali and heat treatment was performed according to the previously reported procedure 12, 23) . First, samples were soaked in 5.0 M aqueous NaOH at 60°C for 24 h and then in 0.5 mM HCl (pH 3.4) at 40°C for 24 h, gently washed with distilled water, and dried at room temperature for 24 h. Next, these materials were heated at 600°C for 1 h and then cooled to room temperature.
Images of the resulting materials are shown in Fig.   1 (a). All of the materials were sterilized using ethylene oxide gas before use.
Scanning electron microscopy
The surface topography of the materials was observed using a field-emission scanning electron microscope (SEM) (S-4700, Hitachi, Tokyo, Japan) at an acceleration voltage of 5 kV. For observation of the cells on the material surfaces, the materials were fixed in 2% glutaraldehyde for 1 h at 2 days after seeding. The materials were rinsed gently with 0.1 M phosphate buffer at pH 7.2, dehydrated in an ethanol series, frozen in tert-butyl alcohol, freezedried, and sputter-coated with gold and palladium.
Surface characterization
Roughness parameters were determined using a 3-D measuring laser microscope (OLS4100, Shimadzu, Kyoto, Japan). The center of each material was measured with a measurement length of 4,000 µm. The measured parameters and their definitions were as follows: Ra, the average peak-to-valley distance; Rp, the highest peak value; and Rz, the highest peak to the lowest valley distance. Wettability of the materials was assessed by measuring the contact angles of pure water on the material surfaces. A drop of pure water was gently dropped onto the surfaces, and the contact angles were measured after 10 s. This test was repeated five times for each material.
Cell culture
The materials were placed on the bottom of the wells of 12-well culture dishes. Primary mouse osteoblasts were harvested from the calvaria of 1-to 5-day-old C57/ BL6 mice using a modification of a previously described protocol 24) . Calvarial bone fragments were subjected to five sequential 15 min digestions in medium containing 0.1% collagenase P (Roche Applied Science, Indianapolis, IN, USA) and 0.00125% trypsin (Sigma-Aldrich, St. Louis, MO, USA), and cell fractions 3-5 were collected. Cells were seeded at a density of 1×10 5 cells/well in 12-well tissue culture polystyrene plates containing the sample materials on the bottom. Cells were grown in osteogenic medium comprising DMEM (Sigma-Aldrich) supplemented with 10% fetal bovine serum (Tissue Culture Biologicals, Long Beach, CA, USA), 10 mM β-glycerophosphate (Sigma-Aldrich), 80 µg/mL ascorbic acid (Sigma-Aldrich), and 10 −8 M dexamethasone (SigmaAldrich) at 37°C in a humidified atmosphere of 5% CO2 and 95% air. The culture medium was replaced every other day. In order to separate the cells on the materials from the cells on the bottom of the culture dishes, we moved the materials to new culture dishes just before performing the following biochemical analysis: XTT assay and real-time RT-PCR analysis.
2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) reduction assay
For the evaluation of cell adhesion and proliferation, the cell number was assessed by XTT (2,3-bis(2-methoxy- 4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) reduction assay 2 and 7 days after seeding, as described previously 25) . Briefly, 500 µL of XTT working solution was added to each well. The cells were incubated at 37°C for 4 h, and the absorbance was measured on a microplate reader (Thermo LabSystems, Cheshire, UK). Specific absorbance was calculated as follows: specific absorbance=A450 nm (test)-A450 nm (blank)-A630 nm (test).
Confocal laser scanning imaging of cell cultures
Two days after seeding, cells were fixed by 4% paraformaldehyde in PBS for 15 min at room temperature and were permeabilized with 0.1% Triton X-100 in PBS for 10 min, then blocked using 4% FBS in PBS for 30 min. After blocking, cells were incubated with tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin (1:500, Invitrogen, Waltham, MA, USA) to detect actin and TO-PRO ® -3 (1:2000, Invitrogen) to detect the nucleus. Observations were performed using a confocal fluorescent microscope (Nikon Instruments, Tokyo, Japan) with appropriate filters.
Real-time RT-PCR
Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The quality of RNA was confirmed by electrophoresis using an agarose ethidium bromide gel. From each sample, 200 ng of RNA was reverse-transcribed with random primers using the Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science). Real-time RT-PCR was performed to assess the expression levels of the genes alkaline phosphatase (Alp) and osteocalcin (Ocn), using the carousel-based LightCycler system (Roche Applied Science) with FastStart DNA Master SYBR Green (Roche Applied Science). The primers were as follows: 
Statistical analysis
All data were expressed as mean±standard deviation (SD). Statistical evaluation was conducted using oneway analysis of variance (ANOVA) followed by post hoc testing (Tukey's multiple comparison test). Statistical software EZR vers.1.27 26) was used for the analysis. Results were regarded as significant when p<0.05. Ra; the average peak to valley distance, Rp; the highest peak value, Rz; the highest peak to the lowest valley distance. 
RESULTS
Surface characteristics of the materials
Representative SEM images of the materials are shown in Fig. 1(b) . The surface of the CpTi material was smooth in the magnified image. In contrast, the surface of the SLM material was extremely rough, with melted and fused particles of titanium observed. After the bioactive treatment, nanoscale porous architectures were observed on the surface of the SLM-T material in the magnified image. The corresponding roughness parameters Ra, Rp, and Rz are reported in Table 1 . The SLM material had a larger roughness value (Ra=24.58 µm) than the CpTi material (Ra=1.02 µm). The additional application of the bioactive treatment did not change the original microscale roughness of the SLM material (Ra=23.50 µm for SLM-T). The contact angles for the materials are detailed in Table 2 . Both the CpTi and the untreated SLM materials had large contact angles, suggesting their hydrophobic nature (82.37° for CpTi and 89.33° for SLM). After bioactive treatment, the surface of the SLM-T material became highly hydrophilic to an immeasurable extent.
Cell observation SEM images of cultured osteoblasts on each material 2 days after seeding are shown in Fig. 2 (a) . On the CpTi material, osteoblasts were flat and widely stretched. Similarly, on the SLM material, osteoblasts Fig. 3 (a) Cell number evaluated by XTT assay on days 2 and 7. On day 2, the cells on the materials fabricated by SLM had larger absorbance than the CpTi materials (*: p<0.05). No significant difference was observed between the untreated and treated materials. On day 7, the cells on the treated materials had lower absorption compared with the other two materials.
(b) The expression of osteogenic genes ALP and OCN of cultured osteoblasts on each material. On day 7, no significant differences in the expression levels of these two genes were observed between the materials. On day 14, the cells on the treated materials had a higher ALP expression level compared with the other two materials (*: p<0.05). The expression level of OCN was the highest for cells on the SLM-T materials, but the difference was not significant (p>0.05).
were flat and stretched into irregular shapes, fitting the microarchitecture of the surface. On the SLM-T material, the osteoblasts were small and round. Fluorescent immunostaining images are shown in Fig.  2 (b) . The actin filaments of the osteoblasts on both the CpTi and the SLM materials were clearly evident and well-stretched. On the other hand, the actin filaments of osteoblasts on the SLM-T material were less obvious, and the distribution was restricted to the vicinity of the nuclei. The fluorescent images were compatible with the SEM observations.
Cell number
The results of the XTT assays are shown in Fig. 3 (a) . On day 2, the SLM and SLM-T materials had a significantly higher absorbance compared with the CpTi material (CpTi, 0.07±0.02; SLM, 0.12±0.02; SLM-T, 0.13±0.01). On day 7, the SLM-T material had a significantly lower absorbance compared with the CpTi and SLM materials (CpTi, 0.99±0.06; SLM, 0.95±0.04; SLM-T, 0.62±0.02).
Osteoblast differentiation
The effects of the different materials on osteoblast differentiation were assessed by measuring the expression levels of ALP and OCN (Fig. 2 (b) ). On day 7, no significant differences in the expression levels of ALP or OCN were observed between these materials (ALP: CpTi, 0.40±0. 
DISCUSSION
The surfaces of the material samples fabricated by SLM had very high roughness values compared with the flatrolled and polished materials. On day 2, significantly higher absorbance values obtained by XTT assay were observed for both the SLM and the SLM-T materials compared with the CpTi material. At this early time point, we could assume that this result may come from a difference in primary adhesion of the osteoblasts to the materials rather than their proliferation afterward, because the SLM and the SLM-T materials had apparently larger surface areas than the CpTi material.
After day 2, we did not observe significant differences in cell number or in osteogenic differentiation between the CpTi and untreated SLM materials. The original microscale architecture fabricated by SLM neither negatively influenced osteoblast differentiation nor enhanced it. There are many reports describing the relationship between microscale surface roughness and osteoblast differentiation. Although there is no clear consensus about the optimal microscale roughness for osteoblast differentiation, osteoblasts generally favor rough surfaces with Ra values of about 3-5 µm above smooth surfaces with Ra values <1 µm 20, 27, 28) . In vivo studies have shown that rough surfaces with Ra values in 3-5 µm are more suitable for osteointegration than smooth surfaces 16, 17) . However, most previous reports on in vitro studies have focused mainly on rough surfaces with Ra values <5 µm. The effects of rougher surfaces on osteoblast differentiation have not received much attention. Materials with higher roughness values beyond this range did not always improve osteointegration in vivo 29) . Materials fabricated by additive manufacturing methods generally have very rough surfaces because the materials are fabricated using metal powders. There have only been a few studies that have evaluated the effects of these very rough surfaces on osteoblast differentiation. In a study that evaluated Ti-6Al-4V mesh scaffolds fabricated by SLM with primary human osteoblasts, the osteoblasts on the scaffolds showed the same well-stretched morphology 30) as the osteoblasts observed on the untreated SLM material in our study, although the differentiation was not evaluated biochemically. In another study, Ponader et al. reported the responses of human osteoblasts to the different surfaces of Ti-6Al-4V plates fabricated by electron beam melting with different settings. In their study, the osteoblasts cultured on the rough surface (Ra=24.9 µm) showed the same well-spread morphology as the osteoblasts cultured on the polished and smooth surface (Ra=0.077 µm), and a higher cell number was observed on the smooth surface than on the rough surface on days 7 and 14 31) . In addition, they observed no significant differences in the expression levels of osteoblastspecific genes between the smooth and rough surfaces. These results are consistent with our finding that the original very rough surface of the materials fabricated by SLM did not have a promotional effect on osteoblast differentiation.
It is widely accepted that surface topography modulates cell differentiation through mechanisms similar to those of mechanotransduction 32) . Focal adhesions are formed with the material surface, and the signal is transmitted to intracellular signaling pathways via integrins followed by cytoskeleton organization [32] [33] [34] . The mechanisms by which different surface topographies induce different patterns of focal adhesion in osteoblast are unknown. One study showed that epithelial cells formed fewer and smaller focal adhesions on rough (Ra=0.58-5.09 µm) titanium surfaces than on smooth (Ra=0.06 µm) surfaces 35) . On the rough surfaces, the focal adhesions were localized mainly to the ridges rather than the valleys. The SLM materials used in our study were composed of round humps of melted titanium powders and had high roughness parameter values. However, as shown by SEM images, the local surfaces of these humps were very smooth. The osteoblasts stretched over the humps and valleys, but there were no sharp ridges on their surface. The lack of ridges on the surface may be a reason why no difference was observed between the SLM and CpTi materials in terms of osteoblast differentiation. However, further study is required to elucidate the relationship between the specific focal adhesion of osteoblasts on different surfaces and osteoblast differentiation.
After the application of a bioactive treatment, the SLM-T materials obtained increased wettability and nanoscale architecture on the surface. Furthermore, the osteoblasts cultured on the SLM-T material showed enhanced osteogenic differentiation as indicated by their round-cuboidal morphology 20, 36, 37) and the increased ALP expression on day 14 36, 38) . We believe that the lower XTT absorbance observed for the SLM-T material on day 7 also indicates an early shift of the osteoblasts from proliferation to differentiation. Regarding the interpretation of the results of an XTT assay, the stimulation of proliferation of osteolineage cells has also been widely used as a simple indicator of the biocompatibility of materials [39] [40] [41] . However, on various types of materials, enhanced osteoblast differentiation has been observed concomitantly with decreased cell proliferation and round cell morphology 20, 21, 37, 42) . These results are compatible with the well-described maturation process of primary osteoprogenitor cells in culture, namely that proliferating preosteoblasts in polygonal shape differentiate to matrix-synthesizing osteoblasts in cuboidal shape 36) . We therefore consider there to be no inconsistency between our results of XTT assay and our results of other evaluations.
The effects of bioactive treatment have been reported on flat material surfaces 37, 43, 44) , and our current results indicate that the very rough surfaces fabricated by SLM also acquired a positive effect on osteoblast differentiation from bioactive treatment. The positive effects of bioactive treatments have been mainly attributed to the altered surface chemistry and charge, and subsequent apatite formation on the material in vivo and in a simulated body fluid 13, 43, 45) . In this in vitro study, we might assume that the nanoscale pores and increased wettability of the SLM-T material might also have had beneficial effects on osteoblast differentiation. The nanoscale pore distribution of the surface treated by dilute HCl-treated alkali and heat treatment had a broad peak below 0.1 µm and a peak near 0.5 µm 12) . There have been many studies describing various nanostructures on titanium materials, and most of them have reported positive effects on osteoblast proliferation 39) . The superposition of nanoscale structures (pore diameter ranged between 20 nm and 180 nm) on a microrough surface (Sa=2.20) has been reported to provide the original surface with additional benefits including the enhancement of osteogenic gene expression 46) and modification of the expression profile of integrin subunits 47) of osteoblasts. Wettability has also been identified as an important factor affecting the control of osteogenic cell differentiation 48, 49) . However, it is usually difficult to evaluate the specific contribution of wettability because wettability is strongly affected by the surface roughness and chemistry. Recent attempts to modify wettability without changing the surface microstructure and chemistry have revealed that hydrophilic surfaces modulated the expression profile of integrin subunits and enhanced osteogenic cell differentiation 50, 51) . The hypothetical mechanism of the effects of hydrophilic surfaces on cell attachment and subsequent reactions is that the hydrophilicity influences the protein absorption to the material surface and prevents the entrapment of air bubbles within the surface architecture, which could interfere with protein absorption and materialcell interaction 49) . Increased wettability resulting from the bioactive treatment might have been especially beneficial for the SLM-T materials evaluated in this study, because materials fabricated by SLM have very rough surfaces and a complex architecture that might increase the risk of entrapment of air bubbles.
Finally, although the very rough surface fabricated by SLM might be beneficial for early mechanical stability in vivo, our results indicate that the original surface was not effective for osteoblast differentiation. We assumed that the application of a bioactive treatment could be a promising method to promote the bone-material fixation of titanium materials with complex architectures fabricated by SLM.
CONCLUSION
The present study showed that the original very rough surface of the materials fabricated by SLM did not have a specific effect on osteoblast differentiation compared with the flat-rolled titanium materials. The application of a bioactive treatment significantly enhanced osteoblast differentiation on the SLM materials. We concluded that materials fabricated by SLM had to undergo a bioactive treatment to promote their fixation to bone.
